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Abstract-  Power  system  engineering  for  ocean  observatories  has  been  an  active  area  of  research  and  development  for  the  past  10 
years.  A  number  of  architectures  have  been  reported  and  discussed,  including  AC  systems,  DC  systems,  constant-voltage  systems, 
constant-current  systems,  and  various  series  and  parallel  cable  topologies.  A  sequence  of  engineering  analyses  and  prototype 
experiments  led  the  U.S.  MARS  and  the  Canadian  NEPTUNE  programs  to  select  a  constant-voltage,  branched  DC  architecture  in  their 
systems.  A  similar  power  architecture  is  in  consideration  for  the  U.S.  Regional  Scale  Network  (RSN).  These  regional  power  systems 
are  generally  comprised  of  shore-based  power  feed  equipment  (PEE),  one  or  more  long  (10  -  400  km)  single-conductor  undersea 
telecom  cables,  one  or  more  undersea  nodes,  and  seawater  electrodes  to  return  currents  from  the  nodes  to  the  shore.  The  power 
conductors  in  these  undersea  cabled  systems  typically  have  resistances  of  1  ohm/km,  with  operational  currents  of  less  than  2  Amps  and 
operational  voltages  of  less  than  12  KVDC.  High-voltage,  low-current  power  transmission  is  essential  to  minimize  power  losses  within 
the  cables  and  to  maintain  stability  under  dynamic,  negative  impedance  loads. 

A  critical  component  in  regional  scale  undersea  power  systems  is  the  medium  voltage  converter  (MVC).  The  MVC  is  a  DC-DC 
converter  in  the  primary  network  infrastructure  that  receives  a  medium  voltage  power  input  from  the  PEE  via  the  telecom  cable, 
typically  at  1  - 10  KVDC,  and  provides  down-conversion  to  one  or  more  lower  voltage  outputs,  typically  300  -  600  VDC,  to  feed  power 
to  science  nodes  and  instrumentation  in  the  secondary  network  infrastructure. 

The  development  of  a  reliable  undersea  MVC  has  been  a  difficult  engineering  obstacle  in  ocean  observatories,  causing  delays  and 
overruns  in  several  projects.  Unlike  fiber  optic  timing  and  data  networks,  the  ocean  observatory  power  system  has  almost  no 
equivalent  terrestrial  system  market  from  which  to  draw  mature,  affordable,  commercial  components  such  as  MVCs.  The  marine 
technology  community  has  been  at  various  stages  of  MVC  design,  development,  and  prototyping  since  2000,  trying  to  solve  the  difficult 
electrical,  mechanical,  and  ocean  engineering  challenges  found  in  ocean  observatory  systems.  These  challenges  include  high-voltage 
corona  and  arcing,  operational  availability,  system  cost,  cable  impedance  dynamics,  instrument  load  dynamics,  thermal  dissipation, 
safety  issues,  cable  and  connector  faults,  installation  limitations,  and  a  limited  palette  of  high-quality  commercial  components  for  MVC 
design  and  engineering. 

In  this  paper,  we  report  the  successful  development,  test,  and  subsea  installation  of  a  3KV,  3  kW  MVC  based  upon  the  Vorperian 
modular  stacked  architecture.  The  MVC  provides  3000  VDC  to  625  VDC  conversion  for  primary  undersea  networks.  The  MVC 
design  consists  of  sixteen  (16)  DC-DC  subconverters  wired  in  a  series  input  configuration,  with  each  subconverter  input  operating  at 
approximately  187  V  (3000V/16).  The  sixteen  subconverter  outputs  are  wired  in  an  8  x  2  series-parallel  configuration,  with  each 
subconverter  output  operating  at  approximately  78  V  (625V/8).  A  feedback  control  loop  monitors  the  MVC  output  and  pulse-width 
modulates  the  duty  cycle  of  the  subconverter  switching  to  maintain  precision  output  regulation. 

1.  Introduction 

The  ocean  presents  a  particularly  challenging  environment  for  engineered  systems,  including  crushing  pressure,  corrosive  and 
electrically  conductive  liquid,  inaccessibility,  coldness,  darkness,  quakes,  tsunamis,  hurricanes,  extreme  wave  events,  thermal 
vents,  landslides,  trawling,  anchors,  shark  bites,  tangles,  and  fouling  -  just  to  name  a  few.  It  is  little  wonder  that  the  ocean 
remains  largely  unexplored,  even  though  it  potentially  holds  a  majority  of  our  planet’s  most  valuable  food,  energy, 
pharmaceutical,  ecosystem,  and  material  resources.  Current  ocean  exploration  can  be  compared  to  early  space  exploration  -  it  is 
hard,  dangerous,  expensive,  and  fraught  with  risks  and  potential  engineering  failures.  And  like  early  space  work,  emerging  ocean 
science  and  exploration  is  a  critically  important  international  endeavor  that  will  significantly  impact  science,  civilization,  and 
nations  in  the  decades  ahead. 

Power  distribution  has  been  one  of  the  most  difficult  engineering  challenges  in  undersea  cabled  observatories.  Some  of  these 
challenges  were  described  in  [1]  such  as  negative  impedance  loads,  power  load  dynamics,  long  cables,  power  failures  in  early 
system  attempts,  and  an  almost  total  dearth  of  commercial  DC-DC  converter  products  that  operate  above  400  volts. 

To  address  some  of  these  challenges,  a  new  architecture  for  medium  voltage  DC-DC  converters  (MVC)  was  reported  by  the  Jet 
Propulsion  Laboratory- Applied  Physics  Laboratory  (JPL-APL)  NEPTUNE  power  team  in  2001  [2].  The  proposed  MVC 
architecture  consisted  of  a  modular  stack  of  lower-voltage  pulse-width  modulated  (PWM)  DC-DC  converters  (a.k.a. 
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subconverters)  with  series  eonneeted  inputs  and  series-parallel  eonneeted  outputs.  The  potential  benefits  of  the  proposed  MVC 
arehiteeture  ineluded  modularity,  sealability,  reliability,  high-effieieney,  and  readily  available  eommereial  eomponents  for  the 
low-voltage  subeonverters.  Simulations  of  negative  ineremental  resistanee  and  dynamie  stability  in  undersea  power  systems,  as 
well  as  the  idea  to  use  an  input  filter  to  dampen  and  stabilize  a  staeked  MVC,  were  presented  in  2002  [3].  Sinee  that  time,  a 
number  of  oeean  observatory  projeets  have  reported  the  development  and  testing  of  staeked  modular  MVCs,  ineluding  MARS  [4] 
and  NEPTUNE  [5]. 

In  February  2008,  the  MARS  program  installed  a  7.25kV-to-400V  MVC  power  supply  at  the  end  of  a  52-km  eable  off  the  eoast 
of  California  in  900  meters  of  water  depth  as  the  primary  power  eomponent  of  the  new  oeean  observatory.  The  system  failed 
shortly  after  initial  power  up,  reportedly  due  to  a  high-voltage  eonneetor  problem  on  the  housing.  The  system  was  later  reeovered 
for  repair  and  reinstallation  [6]. 

In  May  2008,  the  NEPTUNE  program  offiee  reported  the  deeision  to  postpone  the  NEPTUNE  system  installation  until  2009  in 
order  to  reduee  risks  and  eomplete  qualifieation  of  a  10kV-to-400V  MVC  for  the  primary  power  infrastrueture  [7]. 

In  this  paper,  we  report  what  we  believe  to  be  the  first  sueeessful  undersea  installation  and  operation  of  a  staeked  modular 
MVC  power  system.  A  3.2kV-to-625V  MVC  was  built  in  2007,  delivered  to  the  system  operator  in  January  2008,  sueeessfully 
installed  in  May  2008,  and  has  been  in  undersea  operation  for  more  than  a  year. 


II .  MV C  Architecture 


The  undersea  MVC  reported  here  was  based  upon  the  Vorperian  arehiteeture  and  eireuit  eonstruetion  proposed  in  referenees  [2] 
and  [3],  and  deseribed  in  detail  in  2007  in  referenees  [8,  9].  The  reader  is  referred  to  the  IEEE  paper  [9]  for  an  in-depth  treatment 
of  the  mathematieal  theory,  models,  praetieal  eonsiderations,  and  developmental  testing  of  the  Vorperian  MVC  arehiteeture. 

The  design  parameters  for  the  MVC  are  as  follows: 


►  MVC  input  voltage 

►  MVC  output  voltage 

►  MVC  output  full  power  load 

►  MVC  effieieney 

►  Number  of  subeonverters  in  staek 

►  Modular  staek  input  strueture  (primary  side) 

►  Modular  staek  output  strueture  (seeondary  side) 

►  Subeonverter  input  voltage 

►  Subeonverter  output  voltage 

►  Subeonverter  eireuit  type 

►  PWM  switehing  frequeney 

►  Undersea  feed  eable  length  and  type 


2.5  -3.5  kV 
625V+/-1% 

3500  Watts 

90%  typieal  at  full  load 
16 

16  subeonverter  inputs  in  series 

2  groups  in  parallel,  8  subeonverter  outputs  in  series  per  group 

187.5  VDC  typieal 
78  VDC  typieal 

Isolated  forward  eonverter  with  synehronous  reetifieation 
40  kHz 

1 60  km,  2 1  -mm  diameter 


Fig.  1  shows  a  bloek  diagram  of  the  MVC.  The  MVC  eonsists  of  16  low-voltage  (EV)  subeonverter  modules  wired  together  in 
series  at  the  inputs,  an  input  plane  that  provides  input  proteetion,  input  monitoring,  and  eonverter  start-up,  and  an  output  plane 
that  provides  output  filtering  and  PWM  feedbaek  eontrol.  The  MVC  eonverts  a  3  KVDC  eable  input  to  a  625  VDC  output  at 
loads  of  eirea  3  kW.  The  MVC  system  also  ineludes  additional  output  modules  (not  shown)  for  eontrol,  switehing,  eonversion, 
regulation,  filtering,  proteetion,  and  monitoring  of  power  outputs  to  the  internal  housing  payloads  and  to  the  external  undersea 
instrumentation  sites. 

The  MVC  arehiteeture  was  designed  for  modularity  with  the  following  building  bloeks:  a  thermally- eonduetive  aluminum 
ehassis  with  module  slots,  an  input  eard  with  the  input  plane  eireuitry,  a  quad- sub  eonverter  eard  with  four  subeonverters,  a 
baekplane  eard  with  monitoring,  output  plane,  and  PWM  eontroller,  one  or  more  output  eards,  and  power  modules  for  internal 
payloads  (e.g.,  optieal  amplifiers).  Some  of  the  MVC  eleetronie  modules  are  shown  in  Fig.  2. 

The  MVC  is  paekaged  in  a  21-ineh  diameter  primary  node  housing  as  illustrated  in  Fig.  3.  The  MVC  ehassis  is  meehanieally 
mounted,  eleetrieally  isolated,  and  thermally  eondueted  to  the  left  end  eap.  An  optieal  payload  is  mounted  in  a  similar  fashion  to 
the  right  end  eap.  The  optieal  payload  ineludes  eight  erbium  doped  fiber  amplifiers  (EDFAs),  optieal  add/drop  multiplexers, 
optieal  attenuators,  fiber  management,  and  redundant  Gigabit  Ethernet  telemetry  units  for  primary  node  supervisory  eontrol  and 
monitoring.  The  right  end  eap  also  ineludes  undersea  eable  terminations  [10]  to  the  primary  and  seeondary  power  eable 
infrastrueture  as  well  as  eonneetions  to  undersea  eleetrodes  for  seawater  power  returns. 


Figure  1.  MVC  block  diagram 


Figure  2.  MVC  modules  -  input  card  (left),  quad  subconverter  (center),  and  output  card  (right) 


Figure  3.  Primary  node  solid  model  with  MVC  on  left  and  optical  payload  on  right 


III.  M VC  Performance 


One  MVC  prototype  and  two  MVC  produetion  units  were  built  and  tested  in  2007.  A  photograph  of  an  MVC  unit  is  shown  in 
Fig.  4.  As  shown,  the  subconverter  stack,  which  dissipates  a  majority  of  heat  in  the  MVC,  is  located  near  the  end  cap  for 
conduction  cooling.  Additional  card  slots  above  the  subconverters  hold  the  input  and  output  modules.  Power  converters  for  the 
primary  node  internal  payloads  are  mounted  to  the  top  of  the  chassis. 
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Figure  4.  MVC  during  lab  testing 


The  MVCs  were  tested  with  a  commercial-off-the-shelf  3  kVDC  power  supply  (a.k.a.  power  feed  equipment  or  PFE)  and  a 
custom  160-km  cable  simulator  as  shown  in  Fig.  5.  Kilowatt  power  loads  with  negative  impedances  and  20-km  cable  simulators 
were  developed,  built,  and  used  during  lab  tests  to  simulate  the  secondary  power  infrastructure. 

Power  supply  efficiency  was  measured  to  be  approximately  90%  across  the  load  range  of  2  -  3  kW.  Similar  efficiency  was 
obtained  across  the  2.5  -  3.5  kV  input  range.  The  efficiency  dropped  to  about  82%  at  light  load  (725  Watts). 


Figure  5.  Rack-mount  PFE  and  160-km  cable  simulator  (left);  MVC  and  pressure  housing  (right) 

The  output  voltage  regulation  typically  varied  less  than  +/-1  volt  from  no  load  to  full  load  under  static  load  conditions.  The 
output  voltage  ripple  was  measured  to  be  typically  less  than  200  mVpp  across  the  same  load  range.  The  converter  was 
exceptionally  stable  under  dynamic  loads,  holding  the  output  steady  to  within  a  few  volts  droop  during  2  Amp  off-on  step  load 
changes.  The  MVC  output  was  also  shown  to  hold  load  regulation  under  the  failure  of  a  sub  converter  module,  demonstrating  fault 
tolerance.  The  MVC  architecture  maintains  operation  with  up  to  two  failed  subconverters  for  most  common  fault  modes. 


IV.  Undersea  MVC  Power  System 


Diagrams  for  the  MVC  power  system  are  shown  in  Fig.  6  and  7.  The  system  is  a  star  eonfiguration  with  a  3  kV  PFE  on  shore, 
160  km  of  submarine  teleeom  eable  to  the  primary  node  MVC,  and  three  20-km  submarine  eables  branehing  to  the  seeondary 
instrumentation  sites.  Two  of  the  seeondary  branehes  are  fed  eonstant  voltages  and  the  third  braneh  is  fed  a  eonstant  eurrent. 
Eaeh  instrumentation  site,  the  MVC  site,  and  the  shore  site  have  wet  eleetrodes  for  seawater  return  eurrents. 


Figure  6.  MVC  power  system  diagram 
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Figure  7.  Example  system  with  primary  node  MVC 


Figure  8.  Subsea  MVC  installation  in  May  2008 


V.  Summary 

Modular  medium  voltage  eonverters  (MVCs)  for  undersea  power  systems  have  been  at  various  stages  of  development  sinee 
2000,  presenting  a  number  of  diffieult  engineering  ehallenges.  Unlike  timing  and  data  networks,  there  is  little  eommereially 
available  hardware  that  ean  be  direetly  leveraged  into  undersea  power  systems  for  regional  seale  networks.  This  paper  reports  the 
sueeessful  undersea  installation  of  a  modular  MVC  in  May  2008.  The  MVC,  eomprised  of  a  staek  of  16  subeonverters  in  a 
modular  eonduetion-eooled  frame,  provides  3kV-to-625V  power  eonversion  to  a  eabled  undersea  sensor  network  loeated  more 
than  160  km  offshore.  The  MVC  is  installed  in  a  star  topology  network  with  seeondary  branehes  to  three  instrumentation  sites. 

We  hope  that  this  diffieult  but  now  sueeessful  milestone  in  undersea  engineering  teehnology  will  eneourage  the  oeean 
observatory  eommunity  and  its  sponsors  to  aeeelerate  work  and  investment  in  regional  network  infrastruetures.  These  sensor 
infrastruetures  are  an  important  eomponent  of  national  seienee,  providing  mueh  needed  real-time  data  for  globally  eritieal  topies 
sueh  as  oeean  aeidifieation,  oeean  warming,  sea  level  ehanges,  harmful  algae  blooms,  earbon  eyeles,  offshore  energy  produetion, 
elimate  predietion,  disaster  warning,  pollution,  fishery  eollapses,  and  speeies  extinetions. 
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